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Abstract 
Two standard 7YSZ coatings were deposited by EB-PVD techniques and tested against CMAS 
infiltration at short time intervals (up to 8 min.) at 1250˚C in air. They exhibited different 
microstructures, i.e. porosities and microstructural features. Two species of CMAS with different 
compositions were used and their viscosities were determined using the concentric cylinder 
method and their contact angles were measured using high temperature heating microscopy. The 
theoretical viscosities, which were calculated using a statistical model based on the chemical 
composition of the melts, differed from the measured values of the viscosities by one order of 
magnitude. A large variation in the contact angles within a very short range of temperature 
(1243-1266°C) was observed as well.  The porosity and surface area measurements were 
performed on both EB-PVD microstructures using the nitrogen physisorption method. 
Additionally, the produced coatings exhibited porosities of 14.5 and 29.5 percent and the 
infiltration experiments have shown that the more porous coating provides higher infiltration 
resistance. The effect of porosity on CMAS infiltration kinetics was investigated and the results 
elucidate that the porosity network plays a more preeminent role than the amount of porosity. 
The experimental infiltration results have been compared with calculated infiltration data using a 
novel mathematical approach proposed in previous studies in which the permeability of the 
coatings is assessed with two contrasting methods termed “concentric pipe” and “open pipe” 
models. The infiltration was calculated by incorporating the experimentally determined 
properties such as contact angle, viscosity and porosity. A fitting parameter has been derived 
from the equations for the geometry factor for both microstructures. The calculated and 
experimental results are in good agreement with the concentric pipe model supporting the 
validity of this CMAS infiltration model.   
1. Introduction 
Infiltration of silicate sand and volcanic ash yields detrimental effects on the durability and 
performance of 7 wt.% yttria stabilized zirconia (7YSZ) thermal barrier coatings (TBC) [1-7]. 
They are commonly approximated by synthetic CaO-MgO-Al2O3-SiO2 (so-called CMAS) 
simplified analog glass melts in TBC infiltration tests [6-8]. TBCs used on rotating components 
such as turbine blades are deposited by electron beam physical vapor deposition (EB-PVD). 
They typically exhibit a columnar structure with inter-columnar gaps which provide strain 
tolerance upon high thermal cycling [9, 10]. When the sand or ash particles are ingested into the 
engines at low temperatures, they can generate TBC spallation due to foreign object impact and 
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erosion which yields exposure of the super-alloy components to temperatures above their melting 
point. At temperatures >1100 ˚C the CMAS attack mechanisms may be characterized as thermo-
mechanical and thermo-chemical. The thermo-chemical attack results in dissolution of the 
desired tetragonal metastable t’ phase due to depletion of Y2O3 and re-precipitation of 
destabilized ZrO2 and Zr-bearing particles depending on the local chemistry of the CMAS melt 
[8, 11]. The thermo-mechanical attack is due to the infiltration of the CMAS melt into the inter-
columnar gaps of the TBC influenced by capillary forces. The depth of CMAS infiltration is 
controlled by fluid properties such as viscosity and surface tension as well as the microstructure 
of the TBC [12]. As the melt flows down into the TBC it solidifies, thereby filling its porous 
features generating a stiffening of the coating which leads to loss of strain tolerance and 
delamination of the TBC [13-15]. For the case of initially glassy particles such as many volcanic 
ashes, the thermo-mechanical attack can be incipient at temperatures far below the 
thermodynamic melting temperature.  Softening and flow of molten ash just above the glass 
transition temperature are the prevailing mechanisms here [16-18]. 
Several efforts have been made to understand the characteristics of CMAS attack and to generate 
mitigation techniques based on novel TBCs that are resistant to CMAS infiltration [4]. The most 
studied CMAS mitigation approach is based on the use of a reactive coating that induces 
crystallization of the melt, thereby generating stable crystalline reaction products which seal the 
TBC pores and thus prevent further infiltration [19-26]. Additionally, promising results have 
been obtained in reducing the CMAS infiltration by tuning the TBC microstructure [12]. That 
study relied on the modification of the microstructural features of the 7YSZ TBC, specifically 
the shape and distribution of the nanometer-scale secondary columns present at the edges of the 
columns - so-called “feather-arms”. The feather-arms are believed to act as open channels that 
distribute the melt due to a microstructural tortuosity which lengthens the infiltration path and/or 
changes the capillary pressures, thereby impeding deeper infiltration. In order to model the 
infiltration behavior of CMAS, experimental data for the high temperature viscosity, surface 
tension and the contact angles are required - all properties that depend strongly on the chemical 
composition of the melt. Wiesner et. al. [27]  have used different viscosity models to estimate the 
viscosity of a CMAS melt and observed discrepant results between those models. To obtain 
reliable estimates of the viscosity of the CMAS melts investigated here we have experimentally 
determined the viscosity. Along with porosity and contact angle determinations, those values are 
embedded in the infiltration model presented here. 
This study proposes a novel approach to predict CMAS melt infiltration into EB-PVD TBCs 
which is based on a physical model considering two different approaches for coating 
permeability (‘concentric pipe’ vs. ‘open pipe’). A similar approach to the open pipe model has 
been proposed before in literature [28] but there the fluid is considered to fully wet the TBC 
surface (Contact angle = 0). Finally, we compare the concentric and open pipe infiltration 
approaches with experimental measurements performed at short term infiltration (30 sec to 8 





2. Experimental Procedures 
2.1 Sample processing 
Standard 7YSZ coatings were deposited using a 150 kW EB-PVD system on a single 
evaporation source matching the standard 7YSZ composition. Coatings were deposited with a 
thickness of 400 to 420 µm on 1 mm thick alumina plates. The high thickness was selected to 
enable the identification of an effective infiltration depth without reaching the alumina substrate 
too early. Two microstructures - “normal” and “feathery” - were deposited by varying deposition 
temperature and rotation of the sample holder as described in a previous study [12]. The 
summary of microstructural features such as porosity, column/diameter, and inter-columnar gap 
width is given in Table 1. The porosity values shown were obtained by the helium pycnometry 
method and the column and inter-columnar gap width represent the average of the values 
specified previously (see Table 2 in [12]). 
2.2 Infiltration and characterization 
CMAS melt infiltration experiments were carried out using two synthesized CMAS sources 
identified as CMAS 1 and CMAS 2. Their preparation parameters are specified in a previous 
publication [6]. The chemical composition and melt properties are presented in Table 2 as 
obtained previously from DSC measurements [6]. The thermal tests were performed by 
deposition of CMAS powder on top of the coatings at 20 mg/cm
2
 of concentration. Next, heat 
treatments were performed using a cyclic furnace for short-term infiltration intervals varying 
from 30 s to 8 min. at 1250°C. The samples were moved into the hot furnace and heated to 
1250°C within 8 min. (± 15 s), followed by isothermal heating of the coatings for the specified 
ranges from 30 s to 8 min. and finalizing with air quenching (18 K/s cooling rate) to room 
temperature. The heating profile is specified in Fig. 1 which was obtained by specifically 
attaching a thermocouple on the top surface of the sample to monitor its temperature. The heat 
ramping is considered until the moment when the temperature reaches 1250°C (at about 8 min.). 
The temperature variation during the isothermal heating was carefully controlled by specifically 
calibrated thermocouples that allow a maximum temperature deviation of 5 K. Lastly, the 
generated peak in the temperature curve after 200 s in Fig. 1 was a result of ramp rate adjustment 
by the controller to approach the set temperature.  
Standard metallographic techniques were used for cross-sectional imaging. The CMAS 
infiltration depth was determined by using an SEM (DSM Ultra 55, Carl Zeiss NTS, Wetzlar, 
Germany) equipped with an EDS system (Inca, Oxford Instruments, Abingdon, UK). High 
magnification imaging combined with Si elemental mapping and spot analysis helped to identify 
the maximum infiltration depth. 
2.3 Viscosity and contact angle measurement   
The viscosity-temperature relationships of both CMAS 1 and CMAS 2 melts were measured in 
air, at 1 atm. in the temperature range between 1000-1350°C with a Brookfield RVTD 
viscometer head. A Pt80Rh20-spindle and crucible were used with a cross section of 45° conical 
ends and 0.14 diameter. The viscosimeter head and spindle were calibrated for viscosity 
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determinations using “Deutsche Glastechnische Gesellschaft - “DGG1” standard calcium-sodium 
silicate glass. The accuracy of determination is taken as the sum of uncertainties from standard 
and sample determinations at ± 6% (2sigma).  CMAS mixtures of 70 grams were pulverized with 
alcohol in an agate mortar for 3 h and then decarbonated at 800°C overnight. These powders 
were fused at 1350°C for 3 h in a 25 cm
3
 Pt crucible. Prior to viscosity measurements, fused 
samples were poured from the Pt crucible into the crucible used for the viscosity determinations 
and stirred with the spindle for 1h at 1350°C resulting in a homogeneous, bubble-free melt. The 
viscosities were measured with More information about this method is available in the literature 
[29].  
The high temperature contact angle measurements of the molten CMAS droplets were performed 
by monitoring the morphological changes in a heating microscope (EM301 Hesse instruments).  
The CMAS powder was pressed with a stress of 1.5 N.mm
-2
 into a cylindrically-shaped pellet (3 
mm diameter by 3 mm height, according to CEN/TS 15443 procedures) and then heated up to 
1400°C at a rate of 10°C/min in air at ambient pressure on alumina substrates, as described in the 
literature [17, 18]. The mean contact angle was evaluated from the left and right side of the 
samples   
In addition, the contact angle measurements were repeated on top of as coated TBCs without any 
surface treatment. The coatings were deposited on alumina substrates as explained in section 2.1. 
The changes in the height, area and contact angle of the pressed compounds with respect to 
temperature were monitored at 1 Hz sampling rate by a charge-coupled device (CCD) camera, 
which captured 2D cross-sectional silhouette images of the cylinder. Special attention has been 
put to record the change in contact angle which was measured with the help of an imaging 
software package included with the heating microscope. The recorded contact angle is specified 
in Fig. 3. Additionally, depending on the shape of the CMAS cylinder, the shape evolution can 
be parameterized via characteristic temperatures such as deformation temperature and 
hemisphere temperature (DT and HT respectively). Those temperatures are described in detail in 
previous studies for volcanic ash melting behaviors such as the ability for ashes to stick to 
surfaces due to melting (DT) and to spread and wet surfaces (HT) [17, 18]. The heating 
microscope was calibrated with a gold sample which gave a temperature shift of +10 degrees 
(1074° instead of 1064°). 
2.4 Specific surface area and porosity measurement 
Measurements for specific surface area and porosity were performed on coatings deposited on 
alumina substrates. The influence of the substrate was considered and where necessary the raw 
data was related to the actual coating volume and weight. Nevertheless, all internal surfaces of 
the coating were available for measurements due to the open nature of the porosity present. The 
specific surface area of the 7YSZ samples was measured by nitrogen physisorption at liquid 
nitrogen temperature of 77 K. The device TriStar II 3020 from Micromeritics was chosen for this 
purpose. Approximately 0.15 grams of a coated sample with the alumina substrate was weighed 
into a glass sample tube which was then set under vacuum below 0.1 mbar and a temperature of 
120°C. After 3 h of pretreatment, measurements were conducted recording 88 data points from 0 
to 1 relative pressure of 6.0 pure nitrogen gas. The specific surface area was calculated from 
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measurement data utilizing the BET (Brunauer-Emmett-Teller) equations. The same set of 
hysteresis data was analyzed with BJH (Barrett-Joyner-Halenda) equations. The resulting pore 
size distribution gave information on the mesopore area from 2 to 50 nm. Further information on 
the procedure of nitrogen physisorption measurements can be obtained from the literature [30]. 
The skeletal density was measured by Helium pycnometry at room temperature. The device 
AccuPyc 1340 from Micromeritics with Helium of 6.0 purity was used for this purpose. Ten 
measurements were performed of which a mean value is reported. The enveloped density was 
calculated from geometric dimensions of the coatings which were measured in [mm] (and 
converted into volume v) with a mechanical caliper of two decimal places. Porosity was 
calculated from enveloped density and skeletal density following equation (1) where ρe is the 
enveloped density and ρs is the skeletal density. Closed pores are not available to helium 
pycnometry measurements. If present, closed pores decrease the skeletal density. 
𝑃 = (1 −
𝜌𝑒
𝜌𝑠⁄ ) ∗ 100 𝑣 𝑣⁄  % 
(1) 
3. Results 
3.1 Viscosity and contact angle of CMAS melts 
The measured viscosities for the CMAS melts are plotted in Fig. 2 as a function of temperature. 
CMAS 2 exhibits a lower viscosity than CMAS 1. At 1250°C CMAS 2 exhibits 4.0 Pa.s while 
CMAS 1 6.9 Pa.s. The plot also shows a significant difference between the experimental 
viscosities and calculated values using the model proposed by Giordano et al. [31] (GRD) which 
predicts viscosity from major oxides present in the silicate melts. The contact angle images from 
the heating microscope at temperatures ranging from 1243 to 1266°C are shown for alumina 
substrates in Fig. 3. The initial shape of the CMAS 1 cylinder shown in Fig. 3a is partially lost at 
1250°C which could be attributed to the partial softening of the compound. The temperature at 
which the shape of the cylinder is lost due to softening is called ‘deformation temperature (DT)’ 
as reported in previous studies for the melting behavior of volcanic ashes [17, 18]. The right 
angle cylindrical shape is fully lost at 1260°C generating a 58° contact angle with respect to the 
surface. Then, the angle decreases to 43° within a range of a 6 K increase in temperature which is 
consistent with full softening and wetting of the sample to an equilibrium geometry controlled by 
the surface forces.  CMAS 2 (Fig. 3b) reaches DT at 1243°C (7 Kelvin less than CMAS 1). This 
could translate to enhanced physical infiltration dynamics with respect to CMAS 1. The right 
angle cylindrical shape is fully lost by 1248˚C yielding a 57˚ contact angle. Again, the contact 
angle reduces at 1250˚C within two Kelvin increase down to 44˚. The larger variation in contact 
angle for CMAS 2 confirms its lower viscosity and a higher infiltration potential.  
3.2 Porosity of TBCs, specific surface area and pore size distribution 
The porosity results obtained from the helium pycnometry measurements relate only to the open 
accessible pores and are presented in Table 1 for each microstructure. The overall porosity of the 
‘normal’ microstructure is 14.5 v/v % whereas the porosity of the ‘feathery’ microstructure was 
measured to be twice as high at 29.5 v/v %. The ‘feathery’ microstructure exhibits a higher 
porosity due to the larger presence of intra-columnar feather arms. Additionally, it shows a larger 
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number of inter-columnar gaps available compared to the ‘normal’ microstructure as specified 
previously [12]. 
Nitrogen adsorption isotherms used for BET calculations are plotted in Fig 4a. The specific 
surface area of the TBCs for ‘normal’ was recorded as 1.4 m
2
/g and 5.7 m
2
/g for the ‘feathery’ 
samples. A comparative graph for the specific surface area (SSA) is provided in Fig.4b. 
Correspondingly, the obtained SSA values are consistent with the results obtained in previous 
studies with different TBC morphologies generated by varying coating parameters using EB-
PVD [32]. The lower deposition pressure used in this study (6x10
-3
 mbar) provides a lower SSA 
than the coatings produced at higher pressure (8x10
-3
 mbar) previously.     
Pore size distributions obtained from the BJH analysis are plotted in Fig 4c. The mesopore size 
distribution of ‘feathery’ in comparison to ‘normal’ coatings is significantly shifted to smaller 
diameters. In addition to that the total mesoporous volume of the ‘feathery’ coatings is more than 
twice than that of the ‘normal’ coatings, see Fig 4d. Mesopores of 25 and 8 nm diameters are 
much more present in the case of ‘feathery’ coatings. The pronounced peak for the ‘feathery’ 
sample at 4 nm was recorded repeatedly and confirmed with several measurements on the same 
sample. It is likely that the peak appearance at 4 nm is due to narrow tubular channels at the end 
of each feather arm.  
3.3 Infiltration depth profiles 
The short term infiltration experiments were performed to effectively investigate the influence of 
different microstructures on the CMAS infiltration kinetics. Furthermore, the infiltration 
experiments are used as a base for the validity of the calculated infiltration depth generated from 
the models. Fig. 5 shows a cross-sectional SEM image (A) for the ‘normal’ microstructure under 
CMAS 1 infiltration after 30 s and its respective Si elemental mapping (B) showing the 
infiltration zone delimited within the dotted lines. It can be seen that 7YSZ offers no resistance 
to CMAS infiltration and CMAS has penetrated 155 µm deep into the ‘normal’ microstructure 
after only 30 s of infiltration time. In addition, both microstructures did not show any 
degradation or re-precipitation of reaction products, meaning that no reactive crystallization took 
place during the very short testing times (2, 5 and 8 min.). This ensures that the infiltration is not 
influenced by chemical reaction and no time delay in infiltration is generated thereby. The 
infiltration results of ‘normal’ and ‘feathery’ microstructures are shown in Fig. 6 for CMAS 1 
and only for the feathery microstructure infiltrated with CMAS 2 after 2 min. The measurements 
were performed by using EDS mapping and spot analysis to trace for Si and Ca in 5 different 
infiltrated areas per sample. The error bars represent the standard deviation from the imaging 
measurements. The results show slower infiltration kinetics in the ‘feathery’ microstructure 
compared to ‘normal’. This effect was observed for both CMAS compositions (with different 
melt viscosities). In the case of CMAS 1, the infiltration depth was reduced up to 44 %, and 24 
% for CMAS 2. Another important observation is the deeper infiltration of CMAS 2 (320 µm) 
after 2 min. in the ‘feathery’ microstructure which represents more than twice the infiltration of 
its counterpart CMAS 1 (125 µm) under the same testing conditions. The infiltration plot for 
CMAS 1 in Fig. 6 shows a nearly linear infiltration trend with time for both microstructures. 
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This could not be determined for CMAS 2 since only 2 data points until 2 min. were available 
due to complete infiltration at that time. 
4. Discussion       
From the results, it has been demonstrated that the ‘feathery’ microstructure reduces the 
infiltration kinetics compared to the ‘normal’ structure under the same testing conditions for 
CMAS 1 and CMAS 2, in accordance with previous results reported for CMAS 1 at a lower 
temperature [12]. Those experiments were performed at 1225°C and the ‘feathery’ structure was 
found to be 200% more effective in reducing the infiltration depth compared to the normal 
‘microstructure’ after 20 h. At 1250°C, this effect has been reduced to 44% for the CMAS 1 
melt. The ratio of measured overall porosities for ‘feathery’ to ‘normal’ is almost 2:1 and it is 
expected that a highly porous material would be infiltrated faster. In contrary, for both CMAS 
compositions, the ‘feathery’ structure offered better resistance. This surprising behavior may be 
explained on the basis of how pores are interconnected in both microstructures. The ‘normal’ 
structure exhibits a more uniform microstructure, with respect to the distribution of columns and 
smaller feather arms throughout its thickness as compared to ‘feathery’ as reported previously 
[12]. Thus, the path of the melt is not distributed as effectively for the ‘normal’ as for the 
‘feathery’ structure. Additionally, as can be seen from Fig. 4b, the specific surface area for pores 
in the ‘feathery’ structure is 4 times higher than in ‘normal’ structure. The larger SSA of the 
‘feathery’ can be explained from the combination of narrower and more porous columns (i.e. 
more feather arms) with more available inter-columnar gaps. Moreover, the mesopore volume 
for ‘feathery’ structure is more than twice that of the ‘normal’ structure, which could mean that 
more voids between feather arms are available for the ‘feathery’ microstructure to delay the 
CMAS flow through the columnar gap. It is believed that this pore network which acts as a series 
of capillary tubes which lie at an angle to the principal infiltration direction reduces the capillary 
pressure in the intercolumnar gaps. The expediency of EB-PVD process allows tailoring of the 
TBC microstructure in such a way that both macro and mesopore structure can be altered to 
accomplish the desired properties as shown in Fig. 4. A pervasive study on the variation of EB-
PVD morphology and its pursuance on the thermal conductivity was studied in detail [33]. An 
analogous approach can be considered to study the fundamental aspects of EB-PVD 
microstructural effects on the CMAS infiltration kinetics. 
A 24% effect in the case of CMAS 2 suggests the fact that for the melts with low viscosities or at 
very high temperatures the microstructure role becomes insubstantial. i.e., if the infiltration 
temperatures are chosen beyond 1270°C, the microstructural effects can be negligible for CMAS 
compositions as the infiltration proceeds in a few seconds. However, for volcanic ash 
compositions, this effect still can be substantial as their viscosities lie in the range of 1-2 orders 
of magnitude higher with respect to CMAS compositions [18, 31, 34]. Furthermore, when a 
reactive TBC material which promotes the crystallization of the CMAS melt is considered, the 
optimization of its microstructure would give an additional sufferance in inhibiting the CMAS 
infiltration. Previous results using 65 wt.% Y2O3- 35 wt. % ZrO2 coatings under the same testing 
conditions for 5 min. have shown a CMAS 1 infiltration of 38 µm [35]. This represents a 
significant improvement in infiltration resistance compared to the 400 µm infiltration for 
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‘normal’ microstructure and 230 for ‘feathery’ under CMAS 1 infiltration. In addition, the 
microstructure of these CMAS resistant coatings was not specifically tailored to target an 
enhanced infiltration resistance, thus, it was believed that a higher infiltration resistance could be 
achieved by means of microstructure tuning.    
The microstructural parameter ‘tortuosity’ has been proposed in the literature [8, 12, 27, 28] as 
one of the main parameters controlling the melt infiltration. Tortuosity represents a ratio factor 
that accommodates the resistance to flow for a certain fluid that travels in a non-vertical path due 
to the arrangement of the capillaries available. However, some EB-PVD microstructures are 
tailored in such a way that TBC columns are fairly parallel with almost straight paths of 
columnar gaps meaning that this ‘tortuosity’ definition seems to be trivial. Consequently, 
tortuosity is conceived as a ‘geometric factor’ which considers the ratio of available area for 
infiltration due to the feather arm distribution with respect to a columnar gap area from point A 
to point B as seen in Fig. 7a. By tuning the TBC microstructure, the ‘geometric factor’ can be 
optimized in such a way that a significant improvement in infiltration resistance can be achieved. 
Since the ‘normal’ microstructure exhibits wider inter-columnar gaps and less open voids 
between feather arms compared to the ‘feathery’ (see Fig. 10 in [12]), its geometric factor is 
smaller. Further information on the geometric factor is given in section 4.1 for each 
microstructure. 
Another important and yet to be understood factor on the infiltration is the change in the contact 
angle of the CMAS liquid at the longer feather arms which obstructs the flow into them 
generating an effect of nano-spike interaction with the fluid as shown in Fig. 7b. In the studied 
temperature regime up to 1266°C, heating microscope experiments have revealed that CMAS 
melts do not completely wet the surfaces and the contact angles are not close to zero (max 42°). 
It is known from the literature that modifying coating surfaces can lead to different wetting and 
flow behaviors [36, 37]. The combined effects of the geometric factor and the liquid behavior on 
nano-surfaces should provide a more accurate shape factor which will eventually need to be 
extracted from different microstructures. That general goal is, however, beyond the scope of this 
paper.   
The basis of the physical model used to predict CMAS infiltration in this study was proposed by 
Zhao et al. [28] and modified later [12] by deriving Darcy’s law for the steady-state uni-
directional flow of viscous liquids through a porous medium. The final equation (2) predicts an 





                                                                                                                         (2)          
Where the factors µ, σ and θ represent fluid properties (viscosity, surface tension and contact 
angle respectively), r and k are controlled by the TBC microstructure (radius open for infiltration 
and permeability respectively). The permeability of the infiltrated medium (k) represents the 
main parameter that governs infiltration. In practice, it can be controlled via microstructure 
refining. Two different definitions are used in this paper to evaluate the permeability which are 
called ‘open pipe’ and ‘concentric pipe’ as described previously [12]. 
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i) The ‘open pipe model’ considers the columnar gap as a single capillary tube/pipe that is open 
for infiltration as seen in Fig. 8a, the permeability equation (3) for the open pipe model (ko) is 




                                                                                                                       (3)                                                                                                      
Where r still represents the radius of the columnar gap (Fig. 8c) open for infiltration, φ 
represents the coating pore fraction (see Table 1) and τ is the geometric factor of the coating 
expressed as the ratio of the overall area of the columnar gap with respect to the overall area of 
total number of feather arms available in the coating. 
ii) The ‘concentric pipe model’ considers the TBC column and the columnar gap as a pipe with a 
kernel located concentrically inside as seen in Fig. 8b. The radius of the column (kernel ‘a’) and 
columnar gap (open area for infiltration ‘b’) are considered together as seen in Fig. 8d. The 















]                                                                                         (4)                                                                   
By substituting equation (3) and equation (4) for each model into equation (2) the final 
infiltration time equation is obtained for each model. However, in the case for the concentric 
pipe model, only the radius r specified in the equation (2) becomes the following new radius (rc) 
described in the equation (5): 
𝑟𝑐 = √𝑏2 − 𝑎2                                                                                                                     (5) 
Where a and b are still the values specified in Fig. 8d.  
Contrary to previous approaches [8, 19, 27, 38], the measured experimental values of viscosity, 
contact angle, porosity, geometric factor, and surface area were used to calculate the infiltration 
depths using both the concentric and open pipe models. The surface tension was estimated using 
the equation for silicate glasses at 1400˚C proposed by Kucuk et al. [39] (Table 3). The surface 
tension is assumed to not vary significantly from 1200 to 1500˚C [8, 27]. 
4.1 Infiltration prediction for CMAS 1 
The infiltration depth predictions for CMAS 1 and CMAS 2 are summarized in Tables 4 and 5, 
respectively. The results compare the prediction of the physical models (open pipe, concentric 
pipe) with the infiltration experiments at 1250˚C tested for 2 min. for both microstructures. 
Consecutively, the values show the calculations using the measured contact angle at 1250°C for 
each CMAS compound as seen in Fig. 3. The data shown in Table 4 indicate an approximately 
3.5 times higher infiltration depth prediction when the GRD viscosity is used instead of 
experimental viscosity by all used models for CMAS 1. It is important to note that the predicted 
value from the GRD model provides about 12 and 20 times lower viscosities for CMAS 1 and 2, 
respectively, when compared with the experimentally measured values. Similarly, a significant 
variation in predicted viscosities for a CMAS compound using different methods (including 
GRD) has been reported in the literature [27]. This discrepancy in our results is likely from the 
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calibration of GRD in 10 component natural volcanic melt compositions where it works quite 
well but which is challenged when extended to synthetic CMAS melts of fewer components 
(especially SiO2 below 41 wt. %) than the calibration region [31]. This incongruity creates the 
incumbency to use the experimentally determined viscosity values to provide accurate 
estimations. Furthermore, the calculations show that the concentric pipe model predicts the 
infiltration depth of 170 µm and 95 µm for ‘normal’ and ‘feathery’ microstructures respectively. 
This represents an error of 29 percent for ‘normal’ microstructure and 24 percent for ‘feathery’ 
with respect to the experimentally determined depths of 240 and 125 µm. From the testing 
conditions, one can infer that two main factors are influencing the kinetics of infiltration for the 
CMAS compositions which cannot be estimated exactly and can lead to deviation from the 
experimentally measured values.  
i) The variation of the contact angle with different microstructures. This can influence the 
wetting interaction of the fluid with both, the coating surface and the feather arms. Henceforth, 
an additional study of the contact angle for CMAS 1 only was performed on the normal and 
feathery TBC surfaces using the same heating microscope procedure as described in section 2.3. 
The results of this experiment are shown in Fig. 9a and b for normal and feathery structures 
respectively at different temperatures. It is noted that the contact angle and melting of the CMAS 
1 compound behaves differently for each microstructure. The finer ‘feathery’ microstructure (see 
Table 1 and reference [12]) generates a higher contact angle than the ‘normal’ structure at the 
TBC top surface (e.g. 52° at 1266 °C compared to 35° at the same temperature). Therefore, it 
seems that the lower wetting generated on the feathery microstructure promotes its higher 
infiltration resistance in addition to the longer feather arms. It seems that the deformation 
temperature (DT) is reached for the heating microscope samples (Figs. 3a and 9) within the 
range of 1260-1264˚C which correlates with the melting temperature obtained from the DSC 
experiments (between 1258-1265°C for ref. [6]). This could lead to the conclusion that the 
melting response appears to be an intrinsic characteristic of the compound and it is not controlled 
by the furnace. Complementary heating microscope experiments will be performed by keeping 
the temperature constant at 1250˚C to see the variation of the contact angle with respect to 
testing time. In addition, it has been demonstrated that the microstructure of EB-PVD 
Gadolinium Zirconate exhibits a strong influence on the CMAS resistance [40], reducing CMAS 
infiltration by 50 percent on coatings exhibiting a combination of fine columns and narrow inter-
columnar gaps. Clearly, the combination of an efficient microstructure architecture with a 
reactive material holds the potential for even greater CMAS mitigation. 
The wetting behavior of the fluid interacting with the nano-features inside the inter-columnar 
gaps such as feather arms’ tips is expected to vary as well for each microstructure generating a 
wetting or non-wetting behavior which restricts or promotes the flow into the feather arms as 
seen in Fig. 8b. However, to the knowledge of the authors, it is unpractical to measure this 
wetting effect at such small scale inside a coating and at high temperatures (above 1250 °C). For 
this reason, the predicted depth values from Tables 4 and 5 consider a fixed contact angle at 
1250°C obtained from the initial measurements on top of the alumina surface given in Fig. 3 
(67° and 43° for ‘normal’ and ‘feathery’). Furthermore, the infiltration depth with respect to 
contact angle for each model is plotted in Fig. 10a for CMAS 1. The plot shown exhibits a 
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significant variation of infiltration depth as a function of contact angle. The blue dotted line 
represents the contact angle recorded at 1250 °C (67 degrees) for the CMAS 1 composition. The 
difference in predicted infiltration depth comparing zero degree contact angle  with 67° in the 
concentric pipe model is about 102 µm for ‘normal’ and 56 µm for ‘feathery’ microstructures. 
These results show that the assumption of full wetting can lead to the overestimation in 
infiltration depth prediction and actual measured angles on top of the material lead to 
underestimation. Furthermore, it is seen from the graph that the measured contact angles for the 
TBC (Fig. 9) microstructures provide a larger underestimation of infiltration.  
ii) The variation of TBC column width and feather arm dimensions with respect to the coating 
depth of the TBC [12] affects the rate of infiltration (change in geometric factor). For instance, it 
is highly difficult to precisely estimate the change in geometric factor with respect to depth 
which has limited this study to use an overall estimated parameter for the first 100 µm of coating 
depth where the pore and column distribution is more uniform.  
The τ value referred as tortuosity is reported in the range of 1 to 3 in the literature [8, 27, 28, 41]. 
It is believed that the geometric factor (τ) for this study has to represent a larger factor for the 
feathery microstructure than for the normal. This is due to the larger amount of feather arms 
present in the feathery TBC. Consequently, the factors were estimated by the use of imaging 
software (image J) at two different sites. The measured values below represent the average of 2 
measurements where the area of the TBC columnar gap was compared to the open area for 
infiltration of the feather arms as seen from Fig. 11. The columnar gap (CG) area was assumed 
to be constant throughout the thickness of the coating for ‘normal’ and ‘feathery’ (a and b 
respectively in Fig. 11) at an average of 3.4 (±0.3) and 3.3 (±0.6) µm
2 
respectively. Then the 
average feather arm area was also assumed constant through the coating thickness and was 
measured for ‘normal’ and ‘feathery’ with values of 2.7 (±0.5) and 7.5 µm
2 
(±0.9). The fitting 
geometric factor parameters derived from those values for ‘normal’ and ‘feathery’ 
microstructures are 1.25 and 2.31 respectively which fall within the reported values from the 
literature. They were calculated as the quotient between the columnar gap area and average 
feather arm area. It is important to note that the highest estimated value represents the numerator 
(columnar gap area for ‘normal’ and feather arm area for ‘feathery’) since it represents the area 
that will retain the higher fluid quantity. Fig. 10b compares the predicted infiltration depth vs. 
the experimentally measured values with respect to time in the case of CMAS 1 feathery sample. 
It is seen how after 5 min the open pipe model starts to get closer to the experimental 
measurement compared to the concentric approach. After 8 min both models provide an 
underestimation in infiltration prediction but still the open pipe provides the closest prediction 
(353 µm). This time dependent variation is believed to be due to the geometric factor effect since 
at higher depths the geometric factor should become smaller which means that a higher 
infiltration rate is expected. 
4.2 Infiltration prediction for CMAS 2 
The predicted results for CMAS 2 are presented in Table 5 where the closest agreement between 
experiment and prediction is given by the concentric pipe model. Additionally, the results in 
Table 5 exhibit as well a larger prediction in infiltration depth about 4.5 times more for the GRD 
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viscosity. The difference between the predicted value for ‘feathery’ (286 µm) with respect to the 
infiltration experiment (320 µm) is about 11 percent. The predicted infiltration for ‘normal’ 
microstructure could not be compared with the experimental result since the coating was fully 
infiltrated after the experiment. However, the concentric pipe model predicts an infiltration depth 
of 515 µm which is reasonable but it could not be experimentally proven. Moreover, it is 
important to note that the infiltration time considered for this test is 330 seconds. Since the 
partial melting of the CMAS 2 compound starts at about 1243°C which represents the DT 
temperature where the contact angle is 67 degrees as seen in Fig. 3b. Thus, the real testing time 
adds the 210 seconds that the system takes to heat up from 1243 to 1250°C as seen from the 
furnace’s heating profile given in Fig. 1. Although the viscosity and contact angle vary during 
the 210 required for specified temperature rise, the values used for the predictions in Table 5 
were fixed at 1250°C (4.0 Pa.s and 44° respectively) to simplify the prediction. 
The difference in the predicted infiltration depth comparing zero degrees contact angle with 44° 
in the concentric pipe model is about 87 µm for ‘normal’ and 49 µm for ‘feathery’. Once again it 
is obvious that full wetting can lead to the overestimation in infiltration depth prediction and 
actually measured angles on top of an alumina substrate lead to underestimation. 
The current results indicate that the proposed approach of a concentric pipe provides a more 
realistic approximation as seen from this study of the EB-PVD microstructure. However, the 
uncertainty in measuring the contact angles very precisely as a function of temperature and more 
realistically also inside the TBC inter-columnar gaps, and determining the correct shape factors 
are the main impediments in calculating the infiltration depths more accurately. Nevertheless, the 
CMAS related research has been reached a state, where models using thermodynamic 
equilibrium calculations coupled with infiltration kinetics are developed which come closer to 
the actual scenario in an engine [41, 42]. Over/underestimating the infiltration depth would lead 
to large errors in predicting the lifetime of a TBC coating under CMAS attack. Hence, the 
proposed concentric pipe model appears to be more reliable and explicit in predicting the 
infiltration kinetics. Future studies will be performed to optimize the results for transient 




Standard 7YSZ TBCs deposited by EB-PVD with two different microstructures, namely 
‘normal’ and ‘feathery’, were tested for CMAS infiltration at short-term heat treatment (30 s to 8 
min.). The measured infiltration results were compared with calculated infiltration data from a 
physical model previously proposed with two different permeabilities (‘concentric’ and ‘open’ 
pipe) and a previous infiltration model used in literature. The viscosity and contact angle of the 
tested CMAS melts were experimentally determined and their measured values were considered 
for the mathematical infiltration prediction. The TBC porosity was also measured experimentally 
and used for infiltration prediction. The following conclusions were generated from the results: 
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 Short time infiltration experiments under well-controlled conditions represent a 
powerful tool to understand, differentiate and effectively predict the infiltration kinetics 
in EB-PBD TBCs with different microstructures. The ‘Feathery’ microstructure shows 
better CMAS resistance compared to its ‘Normal’ counterpart.  
 A significant correlation between coating microstructure and the wetting behavior of 
CMAS was found. The finer EB-PVD columns offer more resistance to the CMAS 
wetting by increasing the contact angle towards higher numbers and combining more 
feather arms to split the glass flow. 
 The experimental viscosity values are found to be one order of magnitude higher 
compared to the Giordano-Russell-Dingwell (DRD) model values.  
 The comparison of calculated and experimental data reveals that the ‘concentric pipe 
model’ provides a more realistic approach for predicting CMAS infiltration into EB-
PVD TBCs than the ‘open pipe model’. However, limitations are present due to the 
discrepancy in the contact angle in interaction with different surfaces. In addition, the 
microstructural effect i.e. geometric factor changes with TBC thickness which could not 
be considered so far.  
 The physical concentric pipe model could serve as a baseline for optimization and 
development of new microstructures that can delay CMAS infiltration. The more 
complex approaches will consider more realistic environments under temperature 
gradients, microstructure variations and interaction with new CMAS resistant materials. 
 For accurate calculation of the infiltration behavior, precise measurements for all 
relevant parameters such as viscosity, surface tension, contact angle, and permeability is 
mandatory.     
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Heating profile plot for the CMAS infiltration testing at 1250°C. The time required to reach 
1250°C is about 8 min. (480 seconds). The testing time at a constant temperature of 1250°C after 
this ramp-up was changed from 30 seconds up to 8 min., followed by rapidly forced air-cooling 
to room temperature as seen from the sudden temperature drop at the end. 
 
Figure 2 
Viscosities for CMAS 1 and CMAS 2 measured experimentally (solid lines) and calculated data 






Imaging from heating microscope for (A) CMAS 1 and (B) CMAS 2 on alumina substrates at 
different temperatures. RT means room temperature. The CA mark shows the measured contact 







Pore fraction measurements for ‘normal’ and ‘feathery’ TBCs. A) nitrogen absorption for each 
microstructure, b) the pore volume, c) details specific surface area, and d) gives the volume of 
mesopores with dimensions between  2 to 50 nm.  
 
Figure 5 
Cross-sectional SEM image of the top portion of the normal 7YSZ TBC for CMAS 1 under 30 
seconds infiltration testing at 1250°C (A). Si elemental mapping is shown in green color (B) for 
the sample. The infiltration zone is delimited within the white dotted lines.  
 
Figure 6 
Experimentally measured infiltration depth for CMAS 1 for ‘normal’ and ‘feathery’ 
microstructures tested at 1250°C from 30 seconds to 8 minutes. Note that only one data point for 
CMAS 2 ‘feathery’ after 2 min is provided since the ‘normal’ microstructure was completely 





Schematic for the effect of the geometric factor splitting the molten glass flow in the TBC. (A) at 
the columnar gap section, (B) schematic at the feather arms showing the interaction of fluid 
droplets with the feather arms generating different contact angles at the inner surfaces of a 
columnar gap wall. 
 
Figure 8 
Schematic of the concentric and open pipe models. (A) Top view SEM image showing the 
distribution of TBC columns and columnar gaps. The shadowed area shows the TBC column 
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(kernel) and the circled area represents the columnar gap (concentric pipe) open for infiltration. 
(B) Cross sectional SEM image showing the single open gap (open pipe) for infiltration in the 
red dashed rectangle. (C) Simple representation of the concentric pipe with the kernel inside with 
their respective radius a and b. (D) Simple representation of the open pipe radius considered in 
the open pipe model.  
 
Figure 9 
Imaging from heating microscope for CMAS 1 on top of TBC coated samples with (A) ‘normal’ 
and (B) ‘feathery’ microstructures at different temperatures. 
 
Figure 10a 
Prediction of CMAS 1 infiltration with respect to change in contact angle for concentric (solid 
lines) and open pipe (dashed lines) models including ‘normal’ and ‘feathery’ microstructures. 
The experimentally measured infiltration depth for both microstructures is marked at the 
infiltration axis (Y) in red color. The blue dashed line represents the measured contact angle for 






Predicted CMAS 1 infiltration for the feathery microstructure with respect to time vs 





Example of an SEM imaging section used for geometric factor estimation for (A) ‘normal’ and 



















Summary of microstructural features for ‘normal’ and ‘feathery’ microstructures. 
 
Table 2 
Summary of the chemical composition in mol. % and melting behaviors for CMAS 1 and 2.  
 
Table 3 
Fluid properties for CMAS 1 and 2 including experimental and predicted viscosities, contact 





Summary of infiltration depth for CMAS 1 after 120 seconds at 1250°C. Measured data by SEM 
are compared with the concentric and open pipe models using measured and calculated (GRD) 
viscosity. The results are included for ‘normal’ and ‘feathery’ microstructures. 
 
Table 5 
Summary of infiltration depth for CMAS 2 after 120 seconds at 1250°C. Measured data by SEM 
are compared with the concentric and open pipe models using measured and calculated (GRD) 
viscosity. The results are included for ‘normal’ and ‘feathery’ microstructures. 
1
Note that the infiltration time is higher for the CMAS 2 case which counts for the 210 seconds 
extra that the system requires to reach 1250 degrees from the melting point of 1243 degrees. 
 
 
